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SUMMARY 


Flutter data were obtained in the Langley 4. 5-toot flutter research 
tunnel for three delta-wing models having their leading edges swept 
back 45°. The tests covered a range of tunnel pressures corresponding 
to altitudes from sea level to 78,000 feet. 

Two of the models tested fluttered over the range of pressures at 
values of the indicated flutter velocity and the flutter frequency which 
were essentially constant. Cutting off the relatively flexible tips of 
these models had only a minor effect upon the flutter velocity. The 
indicated flutter velocity and the frequency of the third model varied 
greatly with air density or altitude due to changes in the mode of 
flutter. Cutting off the tip for this case had a pronounced effect upon 
the flutter velocity. 

The natural vibration modes of these models were found experimentally 
and revealed an appreciable amount of camber bending, especially at the 
higher frequencies. 


INTRODUCTION 


Delta-wing plan forms have recently gained widespread interest as 
high-speed plan forms and will undoubtedly attract attention from flutter 
analysts. Because of the comparatively recent development of the delta 
wing, however, very few experimental flutter data are available. To 
provide additional experimental data for possible corroboration of a 
theoretical analysis, the series of experiments reported herein was 
undertaken. 

These experiments were carried out at tunnel pressures corresponding 
to an altitude range from sea level to approximately 78,000 feet in order 
to determine the effects of altitude upon the flutter characteristics. 
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A total of 90 flutter tests were performed on three wing models 
having leading edges swept hack 45°. Two of these models were mounted 
as cantilevers while the third was free to roll. One of the cantilevers 
was a flat plate of aluminum of constant thickness while the other two 
models were constructed of aluminum and halsa wood shaped to an NACA 
16-004 airfoil in the stream direction. 

It seemed likely that the relatively flexible tips of the models 
would have a significant hearing on the flutter speed; consequently, 
upon completion of the flutter tests of the basic wing plan forms, the 
tests were repeated, first with 0.7 percent of the total wing area (l/l2 of 
the span) cut from the tips and later with 2.8 percent of the area (l/6 of 
the span) cut from the tips. 

Because of the difficulties, as well as the uncertainties of cal- 
culating the natural vibration modes of delta wings, the modes of each 
model were obtained experimentally by using a photographic technique. 


SYMBOLS 


P 

0o 

V 


M 

U) 


m 


I 

l 


c g 


K 

b 


density of testing medium, slugs per cubic foot 

standard density at sea level, 0.002378 slug per cubic foot 

flutter velocity, feet per second 

indicated flutter velocity, feet per second |/p/p c 


Mach number at flutter 

angular flutter frequency, radians per second 

natural vibration frequency of wing in the nth mode, radians 
per second 

mass of wing per unit length, slugs per foot 

mass moment of inertia of wing section per foot of span 
about its center of gravity, slug-feet 


length of semispan model measured normal to stream direction 

' 2 p 

npb dx 


mass ratio 


LQ_ 


m total 

semichord of wing in stream direction 


/ 
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APPARATUS 


Wind tunnel . - The flutter tests were made in the Langley 4.5-foot 
flutter research tunnel. This tunnel is of the closed- throat single- 
return type in which the pressure may he varied from approximately 
0-5 inch of mercury absolute to atmospheric pressure. 

Models . - One of the three models tested, la, was constructed as 
shown in figure 1. Model Ila was a full-span model with freedom to roll 
about its longitudinal axis. Construction of this model was similar to 
that of model la. The total span was 36 inches with each wing protruding 
16.5 inches from a 3-inch-diameter simulated fuselage. The thickness 
of the 24S-T3 insert was the same as that used in model la, namely, 

0.020 inch. Model Ilia was a flat plate of 0.102 -inch 24S-T3 aluminum 
alloy with rounded leading and trailing edges. The plan form was 
identical with that of model la. 

During the course of the flutter tests, portions of the tips were 
cut from all the models in order to determine the effects, of the rela- 
tively flexible tips upon the flutter speed. With one-twelfth of the 
span cut off, the model designations were changed to lb, lib, and Illb. 
Likewise, when one- sixth of the span was removed from the tip, the 
designations became Ic, lie, and IIIc. 

Four sets of strain gages were mounted on each wing as shown in 
figure 1 for recording the bending and torsional stresses at these points. 


DETERMINATION OF MODEL PARAMETERS 


Significant structural parameters that may be conveniently used 
for a theoretical flutter analysis of a delta wing have not been defi- 
nitely established. It is generally believed that an analysis utilizing 
some form of influence coefficients would more accurately represent the 
problem than an analysis utilizing beam theory. The possibility exists, 
however, that use of the simpler beam theory might result in a reasonably 
good approximation of the flutter speed. Accordingly, some model 
parameters were determined that might be useful for each of the methods. 

Tables I and II give the influence coefficients for models la and 
Ilia. These coefficients are given as the deflection in inches per unit 
load for each of the 1 6 stations on the wing shown in figure 2. 

In connection with beam theory, two loci of flexual centers were 
obtained for each of the wing models. The first of these loci was 
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located by successively applying a concentrated load at various points 
along a chord lying in the stream direction until a point was located 
which produced no twisting of this chord. This procedure was then 
repeated at several spanwise stations until enough points were obtained 
to enable the drawing of a smooth curve. The second locus of flexual 
centers was found in a similar manner but the chord was considered to be 
normal to the bisector of the tip angle. The loci of flexural centers 
so obtained are shown in figure 3* 

Two section centers of gravity were also found for each model. The 
section centers of gravity in the stream direction and normal to the 
bisector of the tip angle for model I were at 49 percent and 48 percent 
of the chord, respectively, - for model II, at 48.8 percent and 49-5 per- 
cent, respectively. Both centers of gravity of the flat-plate model 
were, of course, at 50 percent of the chord. 

The variation of mass along the span (chord parallel to the air 
stream) for the various models is plotted in figure 4. Also plotted is 
the variation of mass along the bisector of the tip angle, in which case 

the chord was considered to be normal to this line. 

Figure 5 gives the variation of the mass moment of inertia of the 

wing sections along the span as well as along the bisector of the tip 

angle. One set of curves shows the mass moments of inertia of the 
sections about an axis normal to the air stream and passing through the 
section centers of gravity. The remaining curves are the mass moments 
of inertia of the section about an axis parallel to the bisector of the 
tip angle and passing through the section centers of gravity. 

It should be pointed out that where the span is measured in the 
direction of the midchord, the values of center of gravity, m, and I C g 
near the root were extrapolated to correspond to values of a fictitious 
plan form as shown by the dashed lines in figure 1. 

The natural vibration modes of the wings were obtained experimentally 
by exciting each of the wings at its natural vibration frequencies and 
photographing the wing at the maximum amplitude of the cycle (reference l) 
The resulting amplitudes are plotted in figures 6 to 9- The wings were 
excited by means of a calibrated electronic oscillator driving a magnetic 
shaker. Photographs of model II were not made. It appeared, however, 
that the vibration-mode shapes of this model were very similar to those 
of model I . 
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The natural vibration frequencies were recorded while photographing 
the natural vibration modes and were as follows: 


Model 

**1 

(radians/sec) 

CJ2 

( radians/ sec) 

( radians/ sec) 

( radians/ sec). 

w 5 

(radians/ sec) 

la 

176 

358 

4 o 8 

710 

867 

lb 

179 

358 

44 o 

710 

917 

Ic 

20 4 

364 

521 

710 

973 

Ila 

4 io 

855 

1010 

1561 

i 84 o 

lib 

417 

858 

1100 

1564 

1950 

lie 

477 

867 

1300 

1570 

2070 

Ilia 

28.3 

113 

1 66 

— 


Illb 

28.3 , 

116 

170 

— 

— 

IIIc 

28.3 

126 

176 

— 

— 


TEST PROCEDURE 


Since flutter is generally a destructive phenomenon it is necessary 
to exercise great care during a flutter test. The tunnel speed was, 
therefore, increased slowly during the runs, the increases being in 
smaller increments as the critical flutter speed was approached. At the 
critical flutter speed, the necessary tunnel data were recorded and an 
oscillograph record of the flutter frequency was taken. The tunnel speed 
was then immediately reduced in order to preserve the model. A sample 
oscillograph record taken at flutter is shown as figure 10. 

In these tests, the tunnel was operated at pressures from approxi- 
mately atmospheric pressure to l /25 atmosphere, corresponding to an 
altitude range from sea level to approximately 78,000 feet, and at Mach 
numbers up to 0.8l. The Reynolds number at flutter, based on the chord 

at midsemispan, varied from 0.33 X 10^ to 4.19 x 10^. 

Measurements taken during the tests included static pressure, dynamic 
pressure, temperature, and the flutter frequency. From these data the 
density of the testing medium, flutter velocity, mass-ratio parameter, 
indicated flutter velocity, flutter frequency, Mach number, Reynolds 
number, and equivalent standard density altitude were computed. These 
parameters are compiled in tables III, IV, and V. 

In order to ascertain whether the models had been damaged or weak- 
ened by flutter, oscillograph records were taken before and after each 
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non at zero airspeed with the models excited at their first and second 
natural frequencies. These frequencies did not change a measurable 
amount throughout the series of tests. 


RESULTS AND DISCUSSION 


Results of flutter tests are given in figures 11, 12, and 13 in 
which the indicated flutter velocity Vi, as well as the circular 
flutter frequency w, is plotted against standard density altitude. 

Effects of altitude .- As can be seen from figure 11, both the 
indicated flutter velocity and the flutter frequency of the flat-plate 
models are nearly constant over the range of altitudes from sea level 
to approximately 56,000 feet. Above 50,000 feet there is a gradual 
decrease in both the indicated flutter velocity and flutter frequency. 
This drop is probably due to the relatively high Mach numbers obtained 
in this range, M = 0.55 to 0.80. The absence of any abrupt change in 
the flutter velocity and frequency indicated there was no change in the 
mode of flutter. 

Unlike the flat-plate models, the results in figure 12 show that 
models la and Ic fluttered in three different modes over the range of 
altitudes from sea level to 78,000 feet while model lb fluttered in four 
different modes. These changes in mode were obvious to the observer 
of the flutter tests and are shown in figure 12 wherever there is a 
change in the slope of the flutter- speed curves and an abrupt change in 
the frequency. 

It is interesting to note in figure 12 that at an altitude of 
50,000 feet model lb fluttered in two different modes. This phenomenon 
was possible because flutter at the lower velocity was sufficiently mild 
that this flutter speed could be exceeded without damage to the model. 

Also in figure 12 are eight flutter points obtained from a model (i') 
identical to model I. Considering the many changes in the flutter 
mode, this model fluttered at velocities which were surprisingly close 
to those of model I. Due to malfunctioning of the recording oscillograph 
the flutter frequencies of model 1 1 were not obtained. Model I ' was 
inadvertently fluttered to destruction at a velocity of 433 feet per 
second and a pressure altitude of 13,6000 feet. The flutter parameters 
of this model are included in table V. 

Although the wing construction of the rolling model, II, was quite 
similar to that of model I, the flutter characteristics (fig. 13) 
differed considerably. Model II displayed none of the many mode changes 
with altitude characteristic of model I but fluttered at an indicated 
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flutter velocity and frequency which were relatively constant over the 
entire range of altitudes. Flutter of the rolling model was in a sym- 
metric mode . 

Effect of cutting off tip .- As can be seen from figures 11 and 13, 
cutting off a portion of the wing tips of models III and II had only 
small effects on the indicated flutter velocities and frequencies. 

Model I, however, reacted somewhat differently. At sea level, (fig. 12) 
the relative flutter speeds of the three models (la, lb, and Ic) were 
as would be expected; that is, model la, whose tip was quite flexible, 
fluttered at the lowest speed, while model Ic, which had one- sixth of 
the span cut from the tip, fluttered at the highest speed. The relative 
flutter velocities of these three models change with altitude until at 
50,000 feet the order is the reverse of that at sea level. 

Remarks on theoretical considerations .- Some indications as to the 
problems of performing a theoretical analysis for a delta-wing config- 
uration can be obtained from an examination of the experimental results. 

A comparison of the frequencies at which the models fluttered (figs. 11, 
12, and 13) with the frequencies of the natural vibration modes given 
previously shows that models III and II fluttered at frequencies which 
lay between those of the first and second natural vibration modes. 

Model I, however, fluttered at several distinctly different frequencies 
which fell at random between the frequencies of the first and fourth 
natural modes of the model. Thus a modal type of flutter analysis of a 
delta wing would probably require four or more degrees of freedom. 
Examination of the mode shapes of the three models at the higher fre- 
quencies (figs. 6 to 9) , however, shows large distortions of the airfoil 
camber line at these frequencies. It would thus seem that appreciable 
error might be introduced by the use of a structural representation of 
wings of very low aspect ratio which considers only the deflections of 
the locus of flexural centers. A more appropriate approach to the prob- 
lem which could account in some degree for the camber bending would be 
the utilization of influence coefficients at several chordwise and span- 
wise positions such as those given for the present models in tables I 
and II . 

Although, as discussed previously, a modal analysis neglects some 
factors, such an analysis of the Raleigh -Ritz type was made for model I 
to determine if the error would be important. The calculations were 
made with the assumption of two-dimensional air flow and three degrees 
of freedom. It is realized that the use of two-dimensional air forces 
is not realistic for such low-aspect-ratio wings and certainly contrib- 
uted to the fact that the calculated flutter velocities were only 40 
to 6o percent of the experimental values. These results were obtained 
with the assumption of the chord to be parallel to the air stream. The 
error was reduced only slightly by assuming the chord to be normal to 
the bisector of the tip angle. On the basis of these results, it appears 
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that a theoretical flutter analysis of a delta wing should take into 
account the camber bending found at the higher frequencies and should 
utilize three-dimensional air forces. 


CONCLUDING REMARKS 


The results of 90 wind-tunnel flutter tests carried out on three 
delta-wing models for a range of tunnel pressures corresponding to 
altitudes from sea level to 78>000 feet have been presented. Two of the 
models tested fluttered over the range of pressures at values of the 
indicated flutter velocity and the flutter frequency which were essen- 
tially constant. Cutting off the relatively flexible tips of these 
models had only a minor effect upon the flutter velocity. The indicated 
flutter velocity and the frequency of the third model varied greatly 
with the altitude or air density due to changes in the mode of flutter. 
Cutting off the tip for this case had a pronounced effect upon the 
flutter velocity. 

Comparison of the flutter frequencies of the models with the fre- 
quencies of the natural modes of vibration showed that one of the models 
fluttered at several distinctly different frequencies which fell at 
random between the frequencies of the first and fourth natural modes of 
this model. Thus, it appears that a theoretical analysis for this type 
of configuration should be able to represent at least the mode shapes of 
the first four degrees of freedom. Further, since photographs of the 
models vibrating at their natural frequencies showed large distortion 
of the camber line at the higher frequencies, the method of analysis 
should be able to represent the mode shapes in the chordwise as well as 
the spanwise directions. 


Langley Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Langley Field, Va. 
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TABLE II.- INFLUENCE COEFFICIENTS FOR MODEL Ilia 
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Figure 6.- Natural vibration modes of model la. 








(d) Fourth natural vibration mode, c% = 710 radians per second. 







Dote Indicate points on nodal line 



Figure J.- Concluded. 





Figure 8.- Natural vibration modes of model Ic. 








Figure 9*- Natural vibration modes of model IIIc. 
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Figure 10.- Sample oscillograph record. Model lb at flutter. 
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Figure 12.- Variation of indicated flutter velocity and circular flutte 

frequency with altitude; model I. 
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NACA - Langley Field, Va. 


Figure 13.- Variation of indicated flutter velocity and circular flutter 

frequency with altitude; model II. 



